Cyclic triterpenes constitute one of the most diverse groups of plant natural products. Besides the intriguing biochemistry of their biosynthetic pathways, plant triterpenes exhibit versatile bioactivities, including antimicrobial effects against plant and human pathogens. While prokaryotes have been extensively used for the heterologous production of other classes of terpenes, the synthesis of cyclic triterpenes, which inherently includes the two-step catalytic formation of the universal linear precursor 2,3-oxidosqualene, is still a major challenge. We thus explored the suitability of the metabolically versatile photosynthetic α-proteobacterium Rhodobacter capsulatus SB1003 and cyanobacterium Synechocystis sp. PCC 6803 as alternative hosts for biosynthesis of cyclic plant triterpenes. Therefore, 2,3-oxidosqualene production was implemented and subsequently combined with different cyclization reactions catalyzed by the representative oxidosqualene cyclases CAS1 (cycloartenol synthase), LUP1 (lupeol synthase), THAS1 (thalianol synthase) and MRN1 (marneral synthase) derived from model plant Arabidopsis thaliana. While successful accumulation of 2,3-oxidosqualene could be detected by LC-MS analysis in both hosts, cyclase expression resulted in differential production profiles. CAS1 catalyzed conversion to only cycloartenol, but expression of LUP1 yielded lupeol and a triterpenoid matching an oxidation product of lupeol, in both hosts. In contrast, THAS1 expression did not lead to cyclic product formation in either host, whereas MRN1-dependent production of marnerol and hydroxymarnerol was observed in Synechocystis but not in R. capsulatus. Our findings thus indicate that 2,3-oxidosqualene cyclization in heterologous phototrophic bacteria is basically feasible but efficient conversion depends on both the respective cyclase enzyme and individual host 
Introduction
Plant secondary metabolites comprise a large variety of structurally divergent compounds that can serve as signaling molecules or as protecting agents against microbial pathogens, herbivorous attacks or plant competitors (overview in [1] ). Among these secondary metabolites, terpenoids including the cyclic plant-type triterpenes constitute one of the largest and most diverse groups exhibiting important functions in plant physiology and development. For example, the linear triterpene precursor squalene plays a role in defense elicitation against herbivore attacks [2] , the sterol cycloartenol is important for membrane functionality, plastid biogenesis and cell viability [3] , β-amyrin is involved in root development [4] , marneral affects general plant growth and development [5] , and lupeol is essential for root nodule formation [6] . A group of glycosylated triterpenes, referred to as saponins, can act, for instance, as natural barriers against pathogenic microbial penetration due to their detergent-like characteristics (reviewed in [7] ). Furthermore, triterpenes represent commercial potential in the pharmaceutical sector due to their bioactivities such as antiviral, anticancer, anti-inflammatory or wound-healing properties [8] [9] [10] [11] [12] [13] . Antifertility effects of lupeol were recently demonstrated [14] and contraceptive application is discussed.
Like all terpenes, plant triterpenes are synthesized from C 5 isoprene units. As a first step in the formation of triterpenes, the NAD(P)H-dependent enzyme squalene synthase (SQS) catalyzes the formation of the linear C 30 isoprenoid squalene from C 15 farnesyl pyrophosphate (FPP) by condensation of two FPPs to presqualene pyrophosphate and a subsequent reductive rearrangement to form squalene [15] . Subsequent squalene epoxidase (SQE)-catalyzed oxygenation of squalene yields 2,3-oxidosqualene, which is the linear key precursor of cyclic plant type triterpenes. SQE is a flavin-binding monooxygenase which requires NADPH and molecular oxygen to oxidize the substrate, and is reported to obtain electrons from cytochrome P450 reductase [16] . 2,3-oxidosqualene, in turn, can be further converted by diverse oxidosqualene cyclases (OSC) to a multitude of cyclic products. These plant triterpene products can be divided into sterol type molecules, which are generated via substrate folding into a transition state with chair-boat-chair (CBC) conformation, and the large group of triterpenes whose multiple skeletons are generated after substrate folding into a chair-chair-chair (CCC) conformation. A portion of the cyclic plant triterpene scaffolds is subsequently oxidized and further decorated thereby generating a larger structural diversity [17] .
Consistent with the wide array of triterpene bioactivities, there is considerable effort in developing strategies for pathway identification and characterization of the corresponding enzymatic activities [18] . However, heterologous biosynthesis of cyclic plant-type triterpenes in microbial cells was thus far largely restricted to yeast systems, most notably Saccharomyces cerevisiae [17] , and could only recently also be demonstrated for the triterpene dammarenediol-II in Escherichia coli [19] . To broaden the range of microbial systems for the functional heterologous biosynthesis of plant triterpenes, we chose to employ the physiologically versatile photosynthetic bacteria Rhodobacter capsulatus SB1003 and Synechocystis sp. PCC 6803 (hereafter: Synechocystis) as host strains. Both are well-established model organisms for anaerobic and aerobic bacterial photosynthesis, respectively. They have both gained attention as biotechnological production hosts for a variety of biochemicals [20, 21] and their plant growth promoting properties are of interest in the agricultural sector [22, 23] . Engineered strains synthesizing bioactive compounds in an agricultural context may contribute to novel farming strategies. Both bacteria represent promising platform hosts for triterpene biosynthesis due to unique phototrophy-associated physiological properties, i.e. a large intracellular membrane system, which can incorporate hydrophobic compounds and membrane-bound or -associated enzymes. In addition, both strains intrinsically harbor an effective isoprene metabolism for biosynthesis of carotenoids that serve as photopigments [24] [25] [26] . Isoprenoid pathway engineering has been demonstrated for different cyanobacterial and Rhodobacter strains, resulting in significant accumulation of hemi-(C 5 ), mono-(C 10 ), sesqui-(C 15 ), di-(C 20 ), tri-(C 30 ) and tetraterpenes (C 40 ) [27] [28] [29] [30] [31] [32] [33] [34] [35] . Recently, implementation of squalene biosynthesis has been demonstrated in both R. capsulatus [36] and Synechocystis [27, 37] . Notably, to enable C30 isoprenoid biosynthesis in R. capsulatus, heterologous expression of an SQS enzyme is essential [36] . In contrast, the natural hopanoid pathway of Synechocystis can be modified by disrupting the squalene hopene cyclase gene shc to accumulate squalene [37] .
Here, we present for the first time the heterologous biosynthesis of the key plant triterpene precursor 2,3-oxidosqualene in the phototrophic prokaryotes R. capsulatus and Synechocystis by additional expression of SQE [38] in squalene producing cells. Further, the ability of both strains to accumulate cyclic plant triterpene compounds was evaluated by co-expression of selected OSC enzymes cycloartenol synthase CAS1 [39] , lupeol synthase LUP1 [40] , thalianol synthase THAS1 [41] , and marneral synthase MRN1 [42] , all derived from the model plant Arabidopsis thaliana.
Materials and methods

Bacterial strains and cultivation conditions
Escherichia coli strains DH5α [43] , NEB5α (New England Biolabs), J53 [44] and S17-1 [45] , used for cloning and conjugation, respectively, were cultivated on LB-agar plates or in liquid LB medium (Luria/Miller, Carl Roth) at 37˚C. Antibiotics were added to E. coli culture medium to the following final concentrations [μg mL -1 ]: 100 (ampicillin), 50 (kanamycin), 20 (spectinomycin). The photosynthetic purple non-sulfur α-proteobacterium R. capsulatus SB1003 [46] was cultivated on 2% (w/v) agar (Bacto agar; Difco) containing PY plates [47] or in RCV liquid medium [48] at 30˚C. The non-motile, glucose-tolerant (GT) strain of Synechocystis sp. PCC 6803 as well as the corresponding mutant strain Δshc (slr2089) used in this study were kindly provided by Pia Lindberg (Uppsala University, Sweden) and cultivated on 0.75% (w/v) agar (Bacto agar; Difco) plates containing BG-11 mineral medium or in BG-11 liquid medium [49] at 30˚C. Saccharomyces cerevisiae strain GIL77 (gal2 hem3-6 erg7 ura3-167) [50] , carrying derivatives of vector pYES/DEST-52 (Invitrogen) with MRN1 or THAS1, or as empty vector control [51] , were cultivated at 30˚C using synthetic complete medium without uracil, supplemented with glucose, ergosterol, hemin, and Tween, as previously described [52] .
Construction of expression vectors
A. thaliana derived genes SQS1 (At4g34640), SQE1 (At1g58440), CAS1 (At2g07050), LUP1 (At1g78970), THAS1 (At5g48010), and MRN1 (At5g42600) were obtained as synthetic DNA by Eurofins Genomics with adapted codon-usage for expression in both bacterial hosts, and with RBS and restriction endonuclease recognition sequences where appropriate for initial cloning steps. An overview of constructs and genetic features, as well as primers used in this study is given in Table 1 and S1 Squalene synthase gene SQS1, which was designed as a synthetic gene with an NdeI-site at the 5'-end as well as an XhoI-and HindIII-site at the 3'-end, was cloned into the vector as an NdeI/HindIII fragment, creating pRhon5Hi-2-SQS1. To generate vector pRhon5Hi-2-SQS1-SQE1, both genes were first cloned in pUC18 successively, using NdeI/HindIII for SQS1, and XhoI/HindIII for SQE1 with the pET vector RBS. The SQS1-SQE1 cassette was excised and cloned into the expression vector as NdeI/HindIII fragment. For construction of expression cassettes with the structure OSC-SQS1-SQE1, OSC genes were PCR-amplified for introduction into the expression vector pRhon5Hi-2-SQS1-SQE1 upstream of SQS1. For cloning of CAS1, LUP1 and MRN1, the synthetic DNA fragments were used as templates, and PCR primers (#510 -#515) were adapted to introduce NdeI sites on both ends to enable cloning at the first position of the operon, as well as the RBS of R. capsulatus nifK at the 3' end of the fragment for the downstream gene SQS1. For cloning of THAS1, vector pRhon5Hi-2-H6-THAS1-SQS1-SQE1 was used as template (find sequence in S2 Table) for amplification of the synthetic gene together with the nifK RBS (using primers #516/ #517), which already carried the synthetic OSC gene with the following nifK RBS in front of the SQS1 gene. Therefore, each gene was equipped with its own RBS, as specified in Table 1 and S2 Table: The first operon gene was preceded by the RBS of the pRhotHi-2 vector, SQE1 was cloned with the pET vector RBS, and in OSC-containing constructs, SQS1 was equipped with the nifK RBS from R. capsulatus.
Vectors for expression in Synechocystis. Expression plasmids for Synechocystis were all derivatives of the conjugative shuttle vector pVZ-spec [54, 55] . As basic cloning backbone, a pJET1.2 (Thermo Scientific) -based cloning plasmid pJPVCS (NCBI Genbank Accession 
Rc, Rhodobacter capsulatus SB1003; Syn, Synechocystis sp. PCC 6803; CDS, coding sequence; all Rc expression plasmids were based on pRhon5Hi-2, a derivative of pRhotHi-2 carrying the host-specific Pnif promoter (NCBI Genbank Accession MG208548); all Syn expression plasmids were based on pVZspec carrying the host-specific PcoaT promoter from pJPVCS (NCBI Genbank Accession MG191280). DNA sequences of recombinant insert sequences are specified in S2 For construction of plasmids pVZ-PcoaT-SQE1-MRN1 and pVZ-PcoaT-SQE1-THAS1, the sequential cassettes SQE1-MRN1 and SQE1-THAS1 were PCR-amplified from plasmids pRhofHi2-SQS1-SQE1-MRN1 and pRhofHi2-SQS1-SQE1-THAS1 (Loeschcke, unpublished), carrying the synthetic plant genes with bacterial codon usage (as specified in S2 Table) In order to exchange MRN1 with CAS1, AQUA cloning was performed with each three overlapping PCR fragments, generated with primer pairs #531/ #532, #528/ #529 and #526/ #527. For corresponding LUP1 cloning, primer pairs #533/ #532, #528/ #530 and #524/ #525 were used to amplify the AQUA fragments, before the assembly reaction was conducted in E. coli strain NEB5α. From the resulting plasmids, pJET-PcoaT-SQE1-CAS1 and pJET-PcoaT-SQE1-LUP1, inserts SQE1-CAS1 and SQE1-LUP1 were subsequently excised by NheI/ SalI digestion and transferred to NheI/ SalI digested plasmid pVZ-PcoaT-SQE1-MRN1.
Heterologous expression of plant triterpene biosynthesis genes in R. capsulatus
For introduction of A. thaliana triterpene biosynthesis genes in R. capsulatus, respective pRhon5Hi-2-based plasmids were transferred to the host via conjunctional transfer as previously described [47] . Thereafter, exconjugants were selected and further cultivated on PY agar, containing 25 μg mL -1 kanamycin and 25 μg mL -1 rifampicin.
For heterologous expression of triterpene biosynthesis genes, cultivation was conducted in liquid RCV medium with 4g/L malate containing 25 μg mL -1 kanamycin and 25 μg mL -1 rifampicin under non-phototrophic, micro-aerobic conditions (which is sufficient for the induction of carotenoid synthesis and formation of the intracellular membrane system in this organism) in 100 mL Erlenmeyer flasks at 30˚C under permanent agitation at 130 rpm in a Multitron Standard incubation shaker (Infors HT) in the dark. Pre-cultures of 35 mL RCV medium containing 0.1% (NH 4 ) 2 SO 4 were inoculated and incubated for 48 h. Expression cultures were inoculated from pre-cultures to an initial OD 660nm of 0.05 in 60 mL RCV medium containing 0.1% serine as sole nitrogen source. The omission of ammonium together with implementation of micro-aerobic conditions ensured derepression of the P nif promoter and target protein expression. After incubation of cultures for 2 days (52 h), when an OD 660nm of 1.5 was reached, cell samples corresponding to OD 660nm = 15 were harvested by centrifugation (10', 1780 g, 4˚C) and pellets stored at -20˚C.
Heterologous expression of plant triterpene biosynthesis genes in Synechocystis
For expression of plant triterpene biosynthesis genes in Synechocystis, pVZ-based expression plasmids were transferred to strain Δshc by conjugation [55], whereupon exconjugants were selected and further cultivated on BG11 agar containing, 20 μg mL -1 spectinomycin and 40 μg 
Analysis of R. capsulatus growth, pigmentation, and dry cell weight
Growth of R. capsulatus in expression cultures was measured as optical cell densities at 660 nm, and pigmentation by whole cell absorbance spectra determined semi-daily during the cultivation (GENESYS 10S UV-Vis-Spectrophotometer, Thermo Scientific). For measurement of absorbance spectra, cell samples were washed with water to remove rifampicin in order to avoid interference by the red colored antibiotic, and spectra of whole cells in water were recorded from 300 to 900 nm and cell-density normalized. Carotenoid-specific absorption at 500 nm was extracted from the data.
To determine the correlation of dry cell weight (DCW) of R. capsulatus grown micro-aerobically in RCV medium with antibiotics and serine to measured optical cell density at 660 nm, six differently concentrated samples of cells were harvested from expression cultures by centrifugation. Supernatants were discarded and pellets were dried at 30˚C for one hour under vacuum in a Concentrator 5301 (Eppendorf). Differential weighing of sample tubes before and after filling and drying was employed to determine cell weight. An influence of the drying procedure on the weight of sample tubes was excluded by subjecting empty control tubes to the same treatment. Linear regression enabled determining a correlation of 1 mL OD 660nm = 1 with 0.58 mgDCW.
Analysis of Synechocystis growth, pigmentation, and dry cell weight
Growth of Synechocystis cultures was monitored by semi-daily measurement of the OD 750nm until the end of the cultivation period. Whole cell absorbance spectra of Synechocystis cells in the clear medium were recorded from 400 to 750 nm on a Specord 200 PLUS spectrophotometer (Analytik Jena) and were normalized to OD 750nm . Carotenoid-specific absorption at 500 nm was extracted.
For determination of DCW of Synechocystis, cells of 25 mL of liquid cultures were collected on Supor 0.45-μm membrane filters (Pall) by vacuum filtration and incubated at 60˚C. The filters were weighed before and after cell collection. To exclude effects from desiccation of the filter material, empty control filters were treated the same way. Linear regression enabled determining a correlation of 1 mL OD 750nm = 1 with 0.44 mg DCW.
Extraction of triterpenes from R. capsulatus and Synechocystis
For extraction of triterpenes from bacterial cells, all organic solvents (acetone, n-hexane, and chloroform/methanol (2:1)) were supplemented with 0.05% (w/v) butylated hydroxytoluene (BHT). Frozen cell pellets were extracted with acetone that was afore supplemented with a total of 10 nmol β-sitosterol as internal standard. R. capsulatus cell samples (equivalent to OD 660nm = 15) were extracted twice with 0.7 mL acetone, Synechocystis cell samples (equivalent to OD 750nm = 20) were extracted twice with 1 mL acetone under gentle agitation at 50˚C for 15 min. After centrifugation (3 min at 1780 g and RT), the supernatants were transferred to a fresh tube, supplemented with 1.5 mL 1M NaCl (R. capsulatus) or 1 mL 1M NaCl (Synechocystis) and mixed. Samples were subsequently extracted twice with a total volume of 1.8 ml nhexane by vigorous mixing for 30 sec. To collect the (upper) hexane phase, samples were centrifuged for phase separation (1 min at 1780 g and RT), and n-hexane extracts were transferred to a fresh tube before drying in a vacuum centrifuge for 20 min at 30˚C. The dried extracts were resuspended in 150 μL chloroform/methanol (2:1), transferred into HPLC vials and stored at -20˚C until analysis.
Extraction of triterpenes from S. cerevisiae
To obtain analytic references for marnerol, hydroxymarnerol and thalianol, lanosterol synthase deficient S. cerevisiae GIL77, carrying pYES/DEST-52 with MRN1, THAS1 or as empty vector control [51], was cultivated in 400 mL batches for plant triterpene production as previously described [52] , utilizing galactose supplemented medium for gene expression. After cultivation, 15 mL portions were harvested and pellets stored at -80˚C until extraction. Pellets were incubated with 2 mL 20% (w/v) KOH in 50% (v/v) EtOH for 30 min at 70˚C, prior to extraction of triterpenes with 2 mL n-hexane. 100 μL of the n-hexane phase were dried under a stream of nitrogen gas and re-dissolved in methanol for LC-MS (liquid chromatography-mass spectrometry) analysis.
LC-MS analysis of triterpenes
Extracts from Synechocystis and R. capsulatus, dissolved in chloroform/methanol (2:1) with 0.05% BHT, were diluted 1:100 with methanol (+ 0.05% BHT) prior to injection of 10 μl sample volumes. Triterpenes were separated on a Dionex HPG 3200 HPLC system (Thermo Scientific) equipped with a 150 x 2.1 mm, 2.7 μm, Cortecs C8 column (Waters) with a binary gradient system. Mobile phase A consisted of water + 0.1% formic acid (FA) and mobile phase B consisted of methanol + 0.1% FA. The mobile phase gradient was as follows: Starting conditions were 75% mobile phase B, increased to 85% B within 4 min and then further increased to 100% B in 13.5 min, the plateau was held for another 4.5 min and the system was returned to starting conditions within 3 min. The flow rate was 0.5 mL/min. Triterpenes were analyzed by Q-TOF (quadrupole-time-of-flight) MS and MS/MS on a maXis 4G instrument (Bruker Daltonics) equipped with an ESI (electrospray ionization) source. The instrument was operated in positive-ion mode and the operating conditions were as follows: dry gas (nitrogen): 8.0 L/min, dry heater: 220˚C, nebulizer pressure: 1.8 bar, capillary voltage: 4500 V.
Quantification of triterpenes
Squalene, 2,3-oxidosqualene, cycloartenol and lupeol were quantified using calibration curves obtained with commercial references (Sigma-aldrich). β-sitosterol (Sigma-aldrich) was used as an internal standard. Triterpene production was calculated based on LC-MS data as product titer in the culture (mg L ), and as specific yield per dry cell weight (mg gDCW -1 ), all determined as end point values after the cultivation duration of 52 h (R. capsulatus) and 168 h (i.e. 116 h after cobalt-induction; Synechocystis), respectively. In addition, the volumetric and specific productivities (μg L -1 h -1 and
) were calculated as averaged values per h cultivation. Squalene productivity in Synechocystis was calculated for the complete cultivation duration (168 h), since squalene production was not induced. Productivity for further triterpenes was calculated in reference to the 116 h period after induction.
Results
Pathway design for triterpene biosynthesis in R. capsulatus and Synechocystis
To implement different plant triterpene biosynthetic pathways in R. capsulatus and Synechocystis, we aimed to link the intrinsic isoprene metabolism of the phototrophic microbes to heterologous pathway modules, introduced as codon optimized genes from A. thaliana (Fig 1) .
R. capsulatus harbors the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway leading to the formation of isoprene units and thereof derived FPP, which is a natural intermediate in biosynthesis of the tetraterpenes spheroidene and spheroidenone [20] . We first introduced SQS1 (original cDNA sequence: At4g34640 [57]) encoding squalene synthase 1 in order to redirect the flux of FPP toward heterologous squalene production. In Synechocystis, the MEP pathway provides precursors for the biosynthesis of several carotenoids including β-carotene, echinenone and a set of xanthophylls [58] . Moreover, the pathway is directly linked to native squalene biosynthesis, leading to the formation of hopanoids. For this work, we therefore used the recently described squalene hopene cyclase deficient Δshc mutant, which is characterized by squalene accumulation [37] . For subsequent squalene oxygenation and production of the triterpene precursor 2,3-oxidosqualene, squalene epoxidase 1 encoding SQE1 (At1g58440 [38] ) was introduced into both hosts.
The ability of the chosen host organisms to synthesize different triterpene scaffolds was evaluated by introducing four OSC enzymes, namely cycloartenol synthase 1, lupeol synthase 1, thalianol synthase 1 or marneral synthase 1, encoded by CAS1 (At2g07050 [39] ), LUP1 (At1g78970 [40] ), THAS1 (At5g48010 [41] ), and MRN1 (At5g42600 [42] ), respectively. While cycloartenol and lupeol represent typical plant triterpenes with tetracyclic plant sterol and pentacyclic plant triterpene scaffolds, respectively, thalianol and marneral exhibit more unusual tri-and monocyclic structures (Fig 1A) .
For heterologous expression, synthetic operons were successively assembled encompassing the pathway genes as well as host-specific promoters and regulatory elements (Fig 1B) . In R. capsulatus, we used the expression plasmid pRhon5Hi-2, which harbors the native NH 4 + -depletion inducible P nif of the nitrogenase-encoding nifHDK operon. In Synechocystis, joint expression of SQE1 and the OSC genes was mediated by the native Co After plasmid transfer, the R. capsulatus and Synechocystis strains were cultivated in liquid medium as appropriate for respective expression cultures. Cells were harvested in the early stationary (after 52 h, R. capsulatus), or the late logarithmic growth phase (after 168 h, i.e. 116 h To establish the first step of the triterpene-specific precursor module in Synechocystis, a knock-out mutant of the shc gene encoding the squalene-hopene cyclase of the intrinsic hopanoid biosynthesis was employed [37] . In R. capsulatus, heterologous expression of SQS1 was implemented to form squalene. For monooxygenation of squalene to the central precursor 2,3-oxidosqualene, SQE1 was heterologously expressed in both host strains. Subsequently, the cyclization module was designed to convert the linear precursor 2,3-oxidosqualene into plant sterols and further cyclic triterpenes. To cover different triterpene scaffolds, the OSC enzymes CAS1, LUP1, THAS1, and MRN1 from A. thaliana were expressed in each host to synthesize cycloartenol (sterol), lupeol (exhibiting the often occurring pentacyclic scaffold) as well as thalianol and marneral (representing more unusual tri-or monocyclic structures). Respective substrate folding is indicated (CBC, chair-boat-chair; CCC, chair-chair-chair; CB, chair-boat). (B) Schematic representation of expression constructs used for triterpenoid biosynthesis in R. capsulatus and Synechocystis. The respective genes were arranged as synthetic operons, using native ammonium (P nif ) and cobalt (P coaT ) regulated promoters for transcription activation. FPP, farnesyl pyrophosphate; SQS, squalene synthase; SQE, squalene epoxidase; OSC, oxidosqualene cyclase.
https://doi.org/10.1371/journal.pone.0189816.g001 after induction, Synechocystis) for LC-MS (liquid chromatography mass-spectrometry) based triterpene analysis.
Implementation of triterpene precursor supply: squalene and 2,3-oxidosqualene
In order to assess the applicability of R. capsulatus and Synechocystis for the biosynthesis of cyclic plant triterpenes, their potentials for accumulating the linear precursors squalene and 2,3-oxidosqualene were determined. To this end, cell extracts of strains Rc_SQS1 and Syn_Δshc were analyzed for squalene accumulation by LC-MS. Specific accumulation of squalene could clearly be determined in specific extracted ion chromatograms (EICs) in both production strains (Fig 2A, two upper panels) , and the identification was further validated by comparison of MS fragment spectra (MS/MS spectra) with a commercial standard ( S2 Fig). Quantitative analysis revealed comparable specific squalene yields of 9.44 mg gDCW -1 and 9.70 mg gDCW -1 in Rc_SQS1 and Syn_Δshc, respectively. Besides specific yields, also product titers, specific titers and productivities were calculated to enable consideration of respective cell masses, culture volumes, and times required for production ( Table 2) . Moreover, strains Rc_SQS1-SQE1 and Syn_Δshc-SQE1, additionally carrying the epoxidase, were assayed for 2,3-oxidosqualene accumulation which was detected (Fig 2A, , respectively ( Table 2) . Although these quantities correspond to only~3% and~20% of squalene yields previously observed without SQE1 expression, amounts of the non-oxygenated precursor were reduced in these extracts below the limit of quantification, indicating effective epoxidation of squalene in both strains.
Biosynthesis of the tetracyclic sterol cycloartenol catalyzed by CAS1
Cycloartenol is the common precursor for the biosynthesis of most sterol compounds in plants, which is synthesized via the CBC-type cyclization of 2,3-oxidosqualene resulting in the characteristic tetracyclic arrangement. For biosynthesis of cycloartenol in R. capsulatus and Synechocystis, strains Rc_CAS1-SQS1-SQE1 and Syn_Δshc-SQE1-CAS1 were generated, expressing the precursor module genes together with the CAS1 gene from A. thaliana.
The specific accumulation of cycloartenol in both strains was verified by LC-MS. Cycloartenol was identified by comparison of signal retention times in characteristic EICs (Fig 2B) and MS/MS spectra with a commercial reference ( S2 Fig). Quantitative analysis revealed yields of 0.4 mg gDCW -1 and 2.06 mg gDCW -1 for Rc_CAS1-SQS1-SQE1 and Syn_Δshc-SQE1-CAS1, respectively, basically reflecting 2,3-oxidosqualene levels in the preceding analysis of strains not expressing CAS1 ( Table 2) . At the same time, no significant concomitant accumulation of the precursors squalene and 2,3-oxidosqualene could be detected (compare 2,3-oxidosqualene signals in strains not expressing CAS1 in lower panels of Fig 2A, and absent signals in CAS1 expressing strains in Fig 2B) . Therefore, engineering the triterpenoid pathway toward cycloartenol apparently has led to a virtually quantitative cyclization of the linear precursor in both host strains.
Biosynthesis of the pentacyclic triterpene lupeol and a putative derivative by LUP1
As a representative of canonical pentacyclic plant triterpenes, lupeol was chosen as target candidate. Lupeol is synthesized from 2,3-oxidosqualene via the CCC-type cyclization. However, the selected OSC from A. thaliana, LUP1, was shown previously to catalyze the formation of multiple scaffolds besides lupeol, including β-amyrin as well as triterpene alcohols and diols [40, 61] . Thus, the detection of a variety of further minor cyclization products was expected in strains Rc_LUP1-SQS1-SQE1 and Syn_Δshc-SQE1-LUP1. LC-MS analyses of extracts were therefore expanded to the corresponding masses for alternative alcohol and diol compounds. As deducible from the EICs (Fig 2C, two upper Table) due to in-source decay during electrospray ionization was predominant. While in Rc_LUP1-SQS1-SQE1, amounts were below the limits of quantification, in Syn_Δshc-SQE1-LUP1, the specific yield was 0.29 mg gDCW -1 ( Data represent mean values and respective standard deviations from three independent cultivations. Squalene levels were determined in strains Rc_SQS1 and Syn_Δshc, as well as 2,3-oxidosqualene levels in Rc_SQS1-SQE1 and Syn_Δshc-SQE1, and cycloartenol levels in Rc_CAS1-SQS1-SQE1 and Syn_Δshc-SQE1-CAS1. Lupeol levels and synthesis of further triterpenes were determined in strains Rc_LUP1-SQS1-SQE1 and Syn_Δshc-SQE1-LUP1.
Strains Rc_THAS1-SQS1-SQE1 and Syn_Δshc-SQE1-THAS1, as well as Rc_MRN1-SQS1-SQE1 and Syn_Δshc-SQE1-MRN1 were analyzed for accumulation of thalianol and marneral, as well as derivatives thereof, respectively. ) indicates poorer conversion than observed with CAS1.
Expression of THAS1 and MRN1 for biosynthesis of unusual tricyclic and seco-triterpenes
The OSC THAS1 from A. thaliana catalyzes the formation of thalianol via the CCC-type cyclization of 2,3-oxidosqualene, constituting an atypical triterpenoid scaffold, characterized by a tricyclic arrangement [41] . Extracts of strains Rc_THAS1-SQS1-SQE1 and Syn_Δshc-SQE1-THAS1 were analyzed in comparison to samples from a reference yeast strain, i.e. S. cerevisiae GIL77 carrying pYES/DEST-52 with THAS1, which was previously shown to accumulate the product [51] . However, in neither of the engineered strains, the conversion of the substrate to thalianol or any other cyclic product was detected ( S2 Fig). In Synechocystis, this is further evident from the observation that the 2,3-oxidosqualene levels were comparable to those the control strains expressing only SQE1. The substrate levels in R. capsulatus co-expressing the OSC were significantly lower than in the control expressing SQS1-SQE1. However, a direct comparison of both strains is not possible here, since in R. capsulatus, the OSC gene was placed upstream of the precursor module genes SQS1 and SQE1 in order to ensure high expression levels of the cyclase, probably at the expense of the downstream genes. The absence of a cyclic triterpene product in THAS1-expressing strains can be caused by diverse problems on multiple levels, including transcription, mRNA stability, translation, protein stability, and activity of the heterologous enzyme. However, this observation most probably points to difficulties at the level of enzyme folding or assembly, since limitations at DNA and transcription levels could be excluded by DNA sequencing as well as RT-qPCR (data not shown) or precursor accumulation (indicating concerted expression of all genes within the synthetic operon THAS1-SQS-SQE).
The OSC MRN1 from A. thaliana catalyzes the formation of the seco-triterpene marneral via an unusual CB substrate conformation, resulting in a further atypical, monocyclic triterpenoid structure [42] . LC-MS analysis revealed that the primary cyclization product marneral was not detected in either the extracts from Rc_MRN1-SQS1-SQE1 or Syn_Δshc-SQE1-MRN1 (data not shown). While in the R. capsulatus extracts none of the expected products were detectable, strain Syn_SQE1-MRN1 apparently accumulated both marnerol (m/z = 429.409) and an additional product with m/z signals (m/z = 427.394, 445.404, 467.386) corresponding to C 30 H 52 O 2 , presumably hydroxymarnerol (Fig 2D, two lower panels and S2 Fig) . Both marnerol and the putative hydroxymarnerol were also detected in a reference yeast strain expressing MRN1 [51] (Fig 2D, two upper panels and S2 Fig) . However, still significant amounts of 2,3-oxidosqualene were present in the Synechocystis extracts, suggesting low efficiency of substrate cyclization by MRN1.
Cell growth and pigmentation during triterpene biosynthesis
Bacterial growth was monitored during expression experiments to investigate potential effects of triterpene formation on cell viability (Fig 3A) . Since all strains reached comparable cell densities during the respective cultivations, cell growth was apparently unimpaired by heterologous gene expression and triterpene biosynthesis.
In addition, photopigment accumulation was analyzed in strains with precursor modules by recording whole cell absorbance spectra. Both hosts exhibited typical absorbance spectra after cultivation with expected maxima of cellular pigments including bacteriochlorophyll a and spheroidenone for R. capsulatus and chlorophyll a, carotenoids and phycobilins for Synechocystis, indicating that overall pigment synthesis is not affected by transferring the chosen plant triterpene pathways (Fig 3B) . To analyze whether triterpene precursor formation results in a decrease of carotenoid (i.e. tetraterpene) formation via FPP depletion, carotenoid-related absorption at λ = 500 was specifically investigated (Fig 3C) . Carotenoid-specific absorption remained unchanged in comparison to the control strains suggesting that the introduction of heterologous plant triterpene pathways were supplied by the cellular isoprene pool without interference with native tetraterpene biosynthesis.
Discussion
In this work, we have demonstrated the applicability of the two phototrophic bacteria R. capsulatus SB1003 and Synechocystis sp. PCC 6803 as promising new prokaryotic hosts for the heterologous biosynthesis of diverse cyclic plant triterpene scaffolds.
Basically, the functional heterologous expression of triterpene biosynthesis enzymes requires suitable expression hosts that offer: i) a compatible metabolic background providing the isoprene-derived substrate molecules in high amounts; ii) an appropriate cellular environment including sufficient membrane space, supporting the activity of enzymes, such as OSCs, that favor hydrophobic environments [63] [64] [65] as well as storage of hydrophobic intermediates and products; and iii) a broad tolerance toward heterologous biosynthetic products. The heterologous expression of plant triterpene pathway genes in microbial host systems is hitherto almost exclusively analyzed in yeast cells. Only recently, also E. coli has been used as the first bacterial strain for functional expression of an OSC from plants leading to the formation of dammarenediol-II [19] . In this case, however, 2,3-oxidosqualene synthesis further required heterologous co-expression of an NADPH-cytochrome P450 reductase (CPR) in order to efficiently transfer electrons to the employed squalene epoxidase from Methylococcus capsulatus. In contrast, Banta and co-workers recently described an approach using the SQE from Methylomicrobium alcaliphilum to produce 2,3-oxidosqualene as precursor for cyclic triterpenoid synthesis likewise in E. coli, but without CPR co-expression [66] . In this context, our data clearly demonstrate that R. capsulatus and Synechocystis strains expressing plant SQE effectively convert squalene without coexpressing auxiliary reductases. Therefore, the phototrophic host cells likely provide native reductases that efficiently support SQE activity. However, while squalene quantitatively dissipated upon expression of SQE1, 2,3-oxidosqualene did not accumulate to equal amounts, with an especially pronounced decline in product levels in Rhodobacter (~30-fold) as compared to Synechocystis (~5-fold), suggesting either a further conversion by so far unknown enzymes or its export from the cells or a lower stability compared to squalene.
The expression of four different OSC enzymes yielded very different results regarding observed products in the two employed hosts. As for the expression of CAS1, both strains showed effective conversion of 2,3-oxidosqualene to cycloartenol as sole cyclization product, supporting previous reports on yeast strains expressing cycloartenol synthase homologs from different plant species [39, 67] . In contrast, LUP1 expression led to formation of lupeol as well as the triterpenoid product lupX with observed m/z argueing for a further oxidized cyclization product in both strains. Previous studies on LUP1 activity in yeast cells suggested the synthesis of a variety of different cyclic products, including 3,20-lupanediol [40, 61, 62] , which would match the here proposed structure of lupX. Furthermore, Krokida and co-workers reported that a closely related OSC from Lotus japonicus, AMY2, converts 2,3-oxidosqualene to both β-amyrin and dihydro-lupeol, without lupeol as intermediate when expressed in Nicotiana benthamiana [68] . In this host, the dihydro-lupeol product was further oxidized to 20-hydroxy-lupeol and 20-hydroxy-betulinic acid by the intrinsic cytochrome P450 (CYP) enzyme CYP71D353. However, when expressed in yeast cells, AMY2 was shown to produce β-amyrin and lupeol [69] . The discrepancies of catalytic products between diverging host systems thus indicates a striking influence of the cellular environment on the nature of the cyclization product(s). In R. capsulatus and Synechocystis, LUP1-mediated formation of oxidized lupeolderivatives appears to be favored, potentially supported by native, yet undefined CYP acitvities. Likewise, MRN1 expression in Synechocystis leads to the formation of marnerol and-intriguingly-putative hydroxymarnerol. Marnerol accumulation was previously likewise reported for S. cerevisiae strains expressing MRN1, which has been attributed to a spontaneous conversion of the primary product marneral [42, 51] . Accumulation of hydroxymarnerol, as here also observed in MRN1 expressing yeast strains (cf . Fig 2D) , was previously shown in roots of A. thaliana as a product of the cytochrome P450 type marneral oxidase (MRO) activity [51] . Therefore, the presence of promiscuous oxidative enzyme activity in Synechocystis cells is likely to explain this observation. Indeed, the high potential for native CYP activity in cyanobacterial cells has previously been reported and was further supported by functional studies [70] [71] [72] . Among them are CYPs of Nostoc sp. capable of oxygenating sesquiterpenes when heterologously expressed in E. coli [73] . For Synechocystis, so far, oxygenation of C 20 retinoids by CYP120A1 (slr0574) was demonstrated in vitro [74] . Notably, no MRN1 cyclization product could be detected in R. capsulatus, further argueing for the reasonability of establishing a variety of microbial platforms for triterpenoid biosynthesis. Moreover, lacking activity of THAS1 in both strains corroborates that successful biosynthesis of cyclic plant triterpenes depends not only on the choice of bacterial host, but also on the specific catalytic properties of the chosen OSC enzyme. In this context, it is worth mentioning that prokaryotic systems appear as yet underrepresented in triterpene production-despite their otherwise thorough exploitation with regard to other terpene classes (recently reviewed in [75] [76] [77] ). This factum, together with our findings may serve to define plant OSC enzymes as generally rather 'difficult-to-express' proteins in bacteria, again underlining the demand for increasing the diversity of expression systems.
As indicated by unimpaired cell growth during heterologous biosynthesis, our host systems represent promising candidates for robust triterpene production, despite previous reports on an antibacterial activity of compounds from this group [78] . Possibly, the enlarged membrane space especially enables photosynthetic bacteria to store certain amounts of terpene precursors and products without significant interference with cellular functions. The two hosts showed rather different production profiles ( Table 2) . While R. capsulatus features faster growth and thus shorter production times, Synechocystis was capable of accumulating more triterpene products. However, the product levels of 2,3-oxidosqualene and cycloartenol obtained in both host strains as yet are lower than those previously described for 2,3-oxidosqualene and dammarenediol-II in E. coli [19] . Notably, in that study, genes of the FPP building MEP pathway were heterologously overexpressed. Employment of this strategy, typically co-expressing ratelimiting enzymes of the MEP pathway, and/or introducing the entire mevalonate (MVA) pathway has proven highly effective in enhancing bacterial terpene production. In Rhodobacter, such optimization has led to the successful production of terpene compounds to substantial levels [20] as for example Coenzyme Q 10 , which comprises a C 10 isoprene side chain (138 mg L -1 [79] ), the C 15 sesquiterpene valencene (352 mg L -1 [33] ), and non-cyclic C 30+ triterpene botryococcene (110 mg L -1 [36] ). As for cyanobacteria, similar efforts were successful for establishing significant yields [72] of e.g. C 5 isoprene in Synechococcus elongatus (1.26 g L -1 [28] ) and C 10 β-phellandrene in Synechocystis (10 mg gDCW -1 [80] ). In line with the here employed strategy for R. capsulatus, overexpression of squalene synthase might further increase triterpene yields in Synechocystis, where the precursor's accumulation currently relies on disruption of native hopanoid biosynthesis. Accordingly, Choi and colleagues presented elevated yields of squalene in S. elongatus by combining heterologous SQS expression with MEP pathway optimization [27] . In both hosts, down-regulation of intrinsic carotenoid biosynthesis may represent an attractive strategy to increase the available pool of isoprene building blocks for heterologous terpene production. Recently, Wang and co-workers moreover demonstrated the importance of the terpene synthase step, reporting a 100-fold increase in monoterpene productivity in S. elongatus by enhancing the product sink, which was contrasted with rather marginal improvements by upstream pathway engineering [81] . In addition to metabolite flow into triterpene biosynthetic routes, we identified 2,3-oxidosqualene availability for the pathway as one limiting aspect for product yields-especially in R. capsulatus. Potentially, implementation of downstream OSC enzymes with improved activity for fast 2,3-oxidosqualene conversion, together with strain and process optimization might further increase yields of cyclic triterpene products in the future. In summary, the unique characteristics of photosynthetic bacteria, together with metabolic engineering approaches, may lead to production strains which may be able to produce high levels of triterpenoids from CO 2 .
Besides providing the chassis for efficient biotechnological production of secondary metabolites, microorganisms can support agricultural processes [82] , particularly targeting crop yields and the nutritional value of staple foods [83] . In this context, plant growth promoting bacteria can be applied in order to optimize nutrient supply, phytohormone levels or resistance against biotic as well as abiotic stresses [23, 84] . Using Rhodobacter or cyanobacterial species for co-cultivations, e.g. as part of artificial biofilms, has been shown to have the potential to improve e.g. yields and nutritional value of rice crops [22, [85] [86] [87] . Furthermore, a basic experimental setup for in vitro co-cultivation of rice roots with our model chassis has been established in our lab (data not shown). Engineered biosynthesis of plant-protecting agents like glycosylated triterpenes (saponins) in these bacteria might further contribute to novel strategies in desease management, particularly targeting fungal pathogens. Such strategies further require the heterologous expression of additional product-decorating enzymes [17] . Importantly, the basic suitability of photosynthetic bacteria for functional expression of plant cytochrome P450 and glycosyltransferase enzymes was recently demonstrated using the example of dhurrin pathway reconstitution in Synechocystis 6803 [88] . As an overall future perspective, a vast chemical space of triterpene structures has come into reach, not only by availability of increasing numbers of plant OSC genes, but also by rational enzyme engineering approaches allowing for qualitatively altering product specificities. In this sense, it was recently demonstrated that substrate and product specificities of OSC enzymes can be altered by point mutations of a single amino acid residue close to the active site of the enzyme [89] . In summary, the variety of plant triterpenes harbor a huge potential for different biotechnological applications, particularly addressing the biomedical and agricultural sectors. The here presented host systems shall contribute to realize these applications. 
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